Pedicularis has a conflicted infrageneric taxonomic history in which floral and vegetative characters have alternately been interpreted as primary indicators of common ancestry. Recent classifications favor subgenera delimited by similarity in leaf arrangement, on the basis of the premise that corolla morphology has been subject to pollinator-mediated selection, resulting in the convergent evolution of specialized floral forms from generalized ancestors. In this study, molecular phylogenetic analysis of Pedicularis reveals a low concordance of robust clade support and taxonomic groups. Nevertheless, the basic premise of higher homoplasy in floral characters relative to leaf arrangement is confirmed, although the hypothesized direction of change (from short-tubed, beakless, toothed corollas to long-tubed, beaked, toothless forms) is not uniformly upheld. In spite of the high evolutionary lability of floral form in Pedicularis, some character state combinations are rarely or never observed, suggesting functional constraints. Correlation analysis shows a significant association between curved-rostrate corollas (a marker for nectar production) and long corolla tubes, indicating that access to nectar by pollinators has acted as a constraint on the evolution of corolla tube length.
Introduction
Pedicularis L. (Orobanchaceae) is a lineage of hemiparasitic flowering plants distributed throughout the northern hemisphere, primarily in cold, high-latitude or montane habitats. With more than 500 described species, it has been noted as one of the largest genera of angiosperms in the north temperate zone (Pennell, in Li 1948) and is characterized by dramatic interspecific morphological variation, particularly in the galea (the hoodlike upper lip of the corolla), which can be variously elongated (beaked), curved, toothed, and crested. Conspicuous variation is also seen in the length of the corolla tube, which in some species can be greater than 11 cm. The greatest morphological diversity and species richness in Pedicularis is confined to a relatively small region of eastern Asia. About two-thirds of the species are endemic to the Hengduan Mountains region, situated south of the Qinghai-Tibetan plateau at the juncture of the Chinese provinces of Sichuan, Yunnan, and Xizang (Hong 1983) . This region has been recognized as one of 25 biodiversity hotspots in the world on the basis of its vascular plant diversity, endemism, and threat of degradation (Boufford and Van Dijk 2000) .
Because of the relative inaccessibility of the Hengduan region, many aspects of the basic biology of many species of Pedicularis are poorly known. Aspects of pollination ecology have been studied, but phylogenetic relationships within this lineage are poorly known. This study presents a phylogenetic analysis of Pedicularis, with the aim of resolving fundamental differences in classification systems that have been proposed and providing insight into the evolution of floral diversity in this group.
Taxonomic Background
Within the traditional family Scrophulariaceae (figworts), Pedicularis has been placed with other hemiparasitic genera in tribe Rhinantheae Benth. (¼Euphrasieae Benth.) of subfamily Rhinanthoideae (von Wettstein 1897). More recent studies of chloroplast DNA sequences (dePamphilis et al. 1997; Young et al. 1999) have shown that neither Rhinantheae nor Rhinanthoideae are monophyletic and that Pedicularis falls within a clade that includes the hemiparasitic figworts, the holoparasitic Orobanchaceae (broomrapes), and the nonparasitic Lindenbergia. This clade, characterized by having ventral corolla lobes external to the dorsal lobes during aestivation (Pennell 1935; Armstrong and Douglas 1989) , is now recognized as Orobanchaceae (Olmstead et al. 2001) .
Species of Pedicularis are mostly perennial herbs and generally have dissected leaf margins, a campanulate calyx, and a bilabiate corolla possessing a galea. The galea, while present in other members of Orobanchaceae (e.g., Siphonostegia Benth.), is more highly developed and conspicuously variable in Pedicularis than in any other lineage of Orobanchaceae. A strongly galeate corolla and compressed, ovoid (subglobose to lanceolate) capsular fruit are potential synapomorphies of Pedicularis within the orobanch clade.
Several classification systems for Pedicularis have been proposed (Steven 1823; Bentham 1835, 1846; Bunge 1846; Maximowicz 1888; Prain 1890; Bonati 1918; Limpricht 1924; Hurusawa 1947 Hurusawa , 1948 Hurusawa , 1949 Li 1948 Li , 1949 Tsoong 1955 Tsoong , 1956 Tsoong , 1963 . In the system of Maximowicz (1888), four basic corolla types in Pedicularis were established to categorize interspecific variation: (1) beakless, toothed, and short tubed; (2) beakless, toothless, and short tubed; (3) beaked, toothless, and short tubed; and (4) beaked, toothless, and long tubed. Subsequent authors have retained these categories for their heuristic value while acknowledging that their boundaries are necessarily blurred because of continuous variation in the component characters. The nonfloral characters that have received the most attention are phyllotaxy (leaves spiral, opposite, or whorled) and inflorescence structure (terminal inflorescences or flowers solitary in the axils of leaves).
Much of the difference between systems can be attributed to whether the primary taxa within Pedicularis are differentiated by floral or vegetative characters. Prior to the system of Li (1948 Li ( , 1949 , taxonomists emphasized floral characters. For example, the system of Steven (1823) contains six groups, five of which are based on floral characters; only one (Verticillatae) is based on phyllotaxy. Similarly, the system of Maximowicz (1888), the first system based on a substantial number of known species (250), retains Verticillatae, but all other species are grouped based on the corolla types described above. The subsequent systems of Prain (1890), Bonati (1918) , and Limpricht (1924) were based almost entirely on the same floral characters emphasized by Maximowicz.
Taxonomic revisions of Pedicularis have generally taken the form of regional treatments on account of the group's size. Of these, two revisions of the genus in China, where the majority of species occur, have been the most influential in the development of a classification system for Pedicularis. The system of Li (1948 Li ( , 1949 represents a drastic departure from earlier systems in its arrangement of Pedicularis into three subgenera based on vegetative characters: (1) Cyclophyllum, characterized by verticillate or opposite leaves; (2) Allophyllum, characterized by spiral phyllotaxy, erect stems, and terminal inflorescences; and (3) Poecilophyllum, characterized by spiral (or subopposite) phyllotaxy, lax, spreading stems, and axillary flowers. Li's rationale for this classification structure rested on the hypothesis that pollinator-mediated natural selection acting independently on different lineages of Pedicularis produced greater homoplasy in floral characters, i.e., the repeated evolution of similar specialized floral forms. In contrast, vegetative characters such as phyllotaxy were subject to lesser selection pressure and therefore exhibit less convergence, and for this reason they are more reliable for diagnosing primary subgeneric groups.
The system of Tsoong (1955 Tsoong ( , 1956 Tsoong ( , 1963 ) is similar to that of Li in that each subgenus is uniform with respect to phyllotaxy but heterogeneous with respect to floral morphology. It also expanded considerably the set of sectional names that have become commonly used in regional treatments of Pedicularis. In justifying his system, Tsoong concurred with Li that floral traits such as tube length and galea type were unreliable taxonomic markers because of convergent evolution.
It is worth noting that despite their differences, all classification systems have retained the species of section Cyathophora as a cohesive unit. Cyathophora is a distinctive group of four series (six species) that is characterized by perfoliate leaf bases, i.e., leaf bases that are fused together to form a cuplike structure around the stem at each node. Within Cyathophora, all four of Maximowicz's corolla types are represented, rendering it incongruous with those systems that placed primary emphasis on floral characters. In recognition of this group, all authors have treated floral characters as subordinate to vegetative morphology.
Pollination
Pedicularis is pollinated almost exclusively by bumblebees (Bombus Latr.) and has been shown to be dependent on them for seed set (Macior 1995b) , although evidence of autogamy exists for some Arctic species (Mosquin and Martin 1967; Kaigorodova 1976; Williams and Batzli 1982; Eriksen et al. 1993) . The ecology of these interactions has been documented in many regions, e.g., North America (Macior 1982 and references therein; Macior 1986b Macior , 1986c Macior , 1993 Macior , 1995a Macior , 1995b Macior , 1996 , Europe (Kwak 1977 (Kwak , 1979 , Japan (Macior 1988) , and continental Asia (Macior 1990; Macior and Sarvesh 1991; Macior and Tang 1997) . It is interesting to note that the geographic ranges of Bombus and Pedicularis are similar in that both groups are distributed circumboreally, with a concentration of species diversity in the Himalayan region (Hong 1983; Williams 1996) .
Several general patterns have emerged from the pollination studies of Pedicularis cited above. Bombus queens tend to forage for nectar, while workers tend to forage for pollen. Pollination can be nototribic (i.e., the insect enters the flower upright) or sternotribic (i.e., the insect enters the flower upside down). Nectar-foraging bees typically forage nototribically, while pollen-foraging bees have been observed foraging sternotribically, grasping the galea while upside down or resting laterally. Pollen is scraped or vibrated out of the anthers, which are concealed in the galea. The role of apical teeth on the galea may be to facilitate the transfer of pollen from the dorsum of the pollinator to the stigma (Sprague 1962; Macior 1982) , but no experimental evidence has been gathered to test this. In nectarless species, curvature of the beak appears to function in optimally positioning the stigma to facilitate contact with the dorsal or ventral midline of the pollinating insect's body or the crevice between the head and thorax, where grooming is unable to remove pollen (Macior 1982) . Analyses of corbicular pollen loads (Macior 1968 (Macior , 1970 (Macior , 1973 (Macior , 1975 (Macior , 1977 (Macior , 1983 (Macior , 1986a (Macior , 1986b (Macior , 1986c (Macior , 1995a (Macior , 1995b (Macior , 1996 Macior and Tang 1997) have found that in general, bumblebee visitors to Pedicularis do not exhibit a high level of species fidelity, but pure Pedicularis pollen loads tend to be observed in higher frequencies from nectarless, beaked species than from nectariferous species.
The long corolla tubes exhibited by certain species of Pedicularis in Asia were previously thought to be adaptations for visitation by long-tongued lepidopteran pollinators (Li 1951; Sprague 1962) , but studies have shown that long-tubed species are nectarless and provide pollen only for foraging bumblebee visitors (Macior 1990; Macior and Sarvesh 1991; Macior and Tang 1997) . Long corolla tubes may function in elevating the stigma and anthers away from potentially obstructing vegetative parts (Macior 1990; Macior and Sarvesh 1991; Macior and Tang 1997 ). This hypothesis is based on the observation 596 that most long-tubed species are rosette plants or have lax stems that bear flowers close to the ground. One exception to this pattern is P. cyathophylla, which has an erect stem along which long-tubed flowers are borne in the axils of the leaves; in this case, the function of the tube may be to elevate the reproductive parts away from the perfoliate leaf bases. Li (1948 Li ( , 1949 hypothesized a sequence of transitions between corolla types, repeated in different groups, from toothless to toothed to beaked, culminating in the long-tubed type. Li envisioned a definite polarity of character change: repeatedly, teeth have been lost, galea beaks have been gained, and corolla tubes have evolved from short to long ( fig. 1) . These are hypotheses that may be tested in a phylogenetic context. More recent evidence for the association between beaked galeas and higher pollinator fidelity and behavioral specificity indicates an adaptive significance of the beaked type and solidifies the expectation that it is phylogenetically derived relative to the beakless type.
Hypotheses of Floral Character Evolution
Another hypothesis concerns the association between nectar production and corolla tube length in Pedicularis. If long corolla tubes inhibit access to nectar by bumblebee visitors and are therefore selectively disfavored relative to short tubes, the transition from producing nectar to providing only pollen as a reward would release a constraint on corolla tube length. This would result in a historical correlation between the short-tubed and nectariferous states. Similarly, the evolutionary history of long tubes should covary with the lack of nectar production.
To evaluate these hypotheses in a parametric statistical framework, stochastic mapping is a promising new technique, originally developed to study nucleotide mutations (Nielsen 2002 ) and extended to morphological characters (Huelsenbeck et al. 2003) . Like parsimony-based ancestral state reconstruction, stochastic mapping estimates the history (location and direction) of character state changes on a phylogeny. Unlike parsimony, it does so via simulation, using an explicit transformation model for a continuous-time Poisson process. Stochastic mapping utilizes information from branch lengths, so it is less prone to underestimating the actual number of changes that occurred (Felsenstein 1978) than parsimony. Because it is based on a stochastic model, the method also provides estimates of the uncertainty (variance) associated with inferences of character evolution on a given phylogeny (Nielsen 2002) and, if applied to a set of candidate trees, can be used to make inferences while allowing for uncertainty in the phylogeny itself (Huelsenbeck et al. 2003) .
Objectives
In this study, chloroplast and nuclear ribosomal DNA sequences are used to infer phylogenetic relationships within Fig. 1 Schematic diagram of Pedicularis subgenus Cyclophyllum Li. Columns correspond to sections, rows are corolla types, and names within the grid are series. Li's view of parallel evolution in the corolla is clearly indicated by the arrangement of series according to corolla type. The hypothesized direction of evolution (indicated by arrows) is also unambiguous, with toothed corollas derived from toothless, beaked from nonbeaked, and long tubed from short tubed. Li (1949) provided similar diagrams for the other subgenera in his system, Allophyllum and Poecilophyllum. Redrawn from Li (1948) .
REE-FLORAL EVOLUTION IN PEDICULARIS
Pedicularis and determine the correspondence between strongly supported clades and previously described taxa. There are two main objectives. The first is to reconstruct phylogenetic relationships for Pedicularis using molecular data from different genomes and compare the results to previous classification systems. Of primary interest is the question of whether phyllotaxy, a vegetative trait used extensively by taxonomists, is more useful for diagnosing subgeneric lineages than floral traits. The second objective is to infer the history of floral and vegetative character evolution in this group and evaluate the hypotheses outlined above. Specifically, stochastic mapping is applied to infer directional trends in character evolution and test the hypothesis that the evolution of longer corolla tubes is constrained by nectar production.
Material and Methods

Taxon Sampling
Seventy-one species of Pedicularis were sampled that are broadly representative of the taxonomic and morphological breadth of the group. The sample includes 20 sections and 43 series based on the treatments by Tsoong (1963) and Yang et al. (1998) for species from China, Yamazaki (1988) for species from Nepal, Yamazaki (1993) for species from Japan, and Tsoong (1955) for species from Europe. It includes multiple representatives of each of the subgenera in Li's (1948 Li's ( , 1949 classification. The majority are endemic to central Asia (south-central China and Nepal). A total of 15 outgroup taxa from Orobanchaceae were also included, in addition to Kigelia africana Benth. (Bignoniaceae) and Hemimeris sabulosa L. (Scrophulariaceae). Outgroups were selected partly on the basis of previous phylogenetic analyses of Orobanchaceae (Young et al. 1999 ). All species included in this study, in addition to specimen voucher information and GenBank accession numbers, are listed in table 1.
DNA Sequencing
Sequences of the internal transcribed spacer region (ITS) of the nuclear ribosomal DNA repeat (including the 5.8S subunit) and partial sequences of the chloroplast gene maturase K (matK) were analyzed. Both markers are widely used in plant phylogenetics. All of the Pedicularis sequences presented here are new, as are the sequences of ITS and matK for Phtheirospermum tenuisectum Bureau & Franchet. The ITS sequence for Seymeria pectinata Pursh was obtained from N. Young (unpublished data). The remaining outgroup matK sequences were downloaded from GenBank.
Genomic DNA was isolated from silica gel-dried leaves obtained from fresh field-collected specimens, using either a CTAB extraction method (Doyle and Doyle 1990) or a DNEasy plant extraction kit (Qiagen). Extracted DNA was purified using a GeneClean II kit (Bio 101) or used directly in double-stranded PCR. The ITS region was amplified and sequenced using the primers ITS2, ITS3 (in some cases ITS3B), ITS4, and ITS5 (White et al. 1990; Baum et al. 1994) . A fragment of matK approximately 1200 base pairs in length was amplified and sequenced using primers trnK11, trnK-53F, matK323F, and matK510R (Young et al. 1999 ) in addition to matK319R and trnK-79R (59 to 39 sequence, CCACAATAAAAGCAAAYCCCTCTG and CATAGTGCGA-TANAGYCAAAACAAG, respectively; N. Young, personal communication) . PCR reactions were done in 50-mL volumes. For ITS, reactions typically contained 5 mL reaction buffer (GibcoBRL), 2 mL MgCl 2 , 5 mL DMSO, 2 mL 10 mM dNTP solution, 2.5 mL 10 mM solution of each primer (ITS5 and ITS2), 0.25 mL Taq DNA polymerase (GibcoBRL), and 3 mL of genomic DNA template. Optimal amplification of ITS was achieved with the following thermocycler settings: 36 cycles of 1 min 35 s denaturation at 94°C, 55 s annealing at 52°C, and 1 min 52 s extension at 72°C, followed by a final extension step of 1 min 11 s at 72°C.
For matK, reactions typically contained 5 mL reaction buffer (GibcoBRL), 3 mL MgCl 2 , 3 mL DMSO, 2 mL 10 mM dNTP solution, 3 mL 10 mM solution of each primer (ITS5 and ITS2), 0.25 mL Taq DNA polymerase (GibcoBRL), and 2 mL of genomic DNA template. Optimal amplification of matK was achieved with the following thermocycler settings: initial denaturation for 1 min 30 s at 94°C, 38 cycles of 30 s denaturation at 94°C, 45 s annealing at 48°C, and 1 min 30 s extension at 72°C, followed by a final extension step of 10 min at 72°C.
PCR products were purified using the QiaQuick kit spin column protocol (Qiagen), and both strands were sequenced with minimum 80% overlap of the total sequence length using an ABI model 377 automated sequencer (Applied Biosystems) according to the manufacturer's instructions using BigDye cycle-sequencing reagents (Applied Biosystems). Base calls were verified and sequences were assembled using the Phred/Phrap/Consed sequence finishing software package (Ewing and Green 1998; Ewing et al. 1998; Gordon et al. 1998) . Finished sequences were aligned using ClustalX (version 1.64b; Thompson et al. 1994 Thompson et al. , 1997 ) over a range of gap-opening and extension costs, with minor subsequent editing. In the final alignment, indels ranging in length from 1 to 26 bases were introduced into the ITS alignment in 30 regions. The matK alignment required indels in 35 regions, ranging in length from 1 to 21 bases. A total of 80 and 137 gaps were introduced into the ITS and matK alignments, respectively.
Phylogenetic Analysis
For phylogeny reconstruction, the simplest acceptable nucleotide substitution model was chosen for each gene region by the Akaike Information Criterion (AIC) (Akaike 1974). AIC scores for 24 commonly used models were calculated using MrModeltest (version 1.1b ; Nylander 2002) , and the model with lowest AIC score was selected. In each case, this was the GTR + I + G model, which has a separate parameter for change between each of the six pairs of nonidentical nucleotides and parameters for the proportion of invariant sites and the shape of the gamma distribution describing rate heterogeneity among sites. Phylogenetic relationships were inferred from the DNA sequence alignments using MrBayes (version 3.0b; Huelsenbeck and Ronquist 2001) , which uses a Bayesian Markov-chain Monte Carlo (MCMC) procedure to sample tree topologies and other model parameters from their posterior densities. Prior probabilities of nucleotide frequencies were specified as a Dirichlet distribution with
Priors for the g shape parameter and proportion of invariant sites were drawn from uniform distributions ({0.05, 50} and {0.05, 1}, respectively).
The ITS and matK data sets were analyzed separately and in combination. The combined analyses included the union of the ITS and matK data sets (97 taxa) and used a mixed model, in which nucleotide substitution parameters (GTR rate matrix, invariant sites, and rate heterogeneity) were estimated separately for each gene partition. For some outgroup taxa (Castilleja, Harveya, Seymeria, and Orobanche), ITS and matK sequences from different species were combined to form placeholders for those genera. Each MCMC analysis was run for a minimum of 3,000,000 generations, with one cold and four incrementally heated chains. After 1,000,000 burn-in generations (inspected visually by plots of likelihood against generation), chain stationarity was assumed, and trees and parameters were sampled every 100 generations. Posterior support for clades was determined by clade frequencies in the MCMC sample. Conflicts in phylogenetic signal between nuclear and plastid markers was assessed by identifying strongly supported (posterior probability "0.95) clades that were incompatible between genes.
Character Evolution
Evolutionary histories of morphological characters were inferred using estochastic mapping (Nielsen 2002; Huelsenbeck et al. 2003) . For a detailed description of this method, the reader is referred to the original articles, but a brief summary is provided here. The method takes as input character state data for extant species and a phylogenetic tree of those species and uses a model parameterized by a matrix of instantaneous rates of change between states (Q), a vector of stationary frequencies for character states (p), and tree length, measured as the expected amount of change in the character of interest. The relative lengths of branches in the input tree are retained, since they represent relative evolutionary opportunity as inferred from the molecular data, but their absolute values are scaled to yield the prior expectation of tree length for the character in question, not for the nucleotide characters used to reconstruct the tree.
The method works by simulating character evolution as a Poisson process on the tree according to the model (with parameter values drawn from prior distributions), given the fractional likelihoods of ancestral states at internal nodes. A simulated mapping of character state changes on the tree that recovers the observed data at the tips is considered to be a plausible inference of character history. Iteration of the simulation procedure thus yields mappings that are proportionate to their posterior probability in the same way that MCMC estimates the posterior density of phylogenetic trees. Subsequent analysis of the generated mappings allows the estimation of posterior probabilities associated with hypotheses of character evolution (e.g., the probability of state change along a particular phylogenetic branch).
Each character was coded categorically with two states, 0 and 1. States were assigned as follows: phyllotaxy, whorled (0) or spiral (1); corolla tube, short (0) or long (1); galea beak, absent (0) or present (1); curve-rostrate galea, absent (0) or present (1); and galea teeth, absent (0) or present (1).
For corolla tube length, measurements were taken from herbarium specimens (N " 5 measurements per species) or from the literature. These data form a bimodal distribution, with a distinct separation at 25 mm; this was selected as the cutoff between ''short'' and ''long'' tubes ( fig. 2) .
To account for uncertainty in the phylogeny of Pedicularis as inferred from the molecular data, character histories were mapped on 20,000 trees sampled from the posterior density by MCMC from the combined mixed-model analysis. Specifically, for each character, one mapping consistent with the observed states was generated for each tree. In the simulations, the stationary frequency of state 0, p 0 , was drawn from a uniform {0, 1} prior distribution, and branch lengths were scaled to yield a total tree length equal to 1, the minimum number of changes expected for a variable binary coded character. Tree length was fixed rather than allowed to vary (Schulz and Churchill 1999) in order to focus the analysis on uncertainty in the phylogeny itself; also, it is difficult to rationalize prior distributions for tree length, particularly with regard to the variance (Huelsenbeck et al. 2003) .
To test the hypothesis that corolla tube length is correlated with nectar production, a proxy marker for nectar production was needed because direct observations of nectar production are not available for many of the species included in the study. Field studies have found that beakless galeas and galeas with short, straight beaks are consistently associated with nectar production, while species with long, curved beaks always lack nectar and produce only pollen (Macior 1990 ; Macior and Tang 1997, and references therein). On the basis of this evidence, species with long (>4 mm) curved beaks were scored as nectarless. Following Huelsenbeck et al. (2003) , stochastic mapping was used to estimate the proportion of evolutionary history in which lineages of Pedicularis had both long tubes and lacked nectar. The summary statistic d was used to quantify the difference between the observed and expected association of corolla tube length and nectar production over the set of MCMC-generated trees from the phylogenetic reconstruction. Simulations on this same set of trees under the assumption of character independence (i.e., simulated characters were not constrained to match the observed data) were conducted to estimate the posterior predictive P distribution for d. All computational aspects of the character evolution analysis presented here were implemented in the Python programming language by the author, and the source code and programs used are available on request.
Results
Clade Support within Pedicularis
In the results of all analyses, there is a backbone region in the phylogeny of Pedicularis where branch lengths are short and relationships are unresolved or poorly supported. In general, the number of strongly supported clades, and the strength of clade support, is higher in the combined-data analysis than in either single-gene analysis. Congruence in phylogenetic signal between genes is moderate: most clades with strong support in one single-gene analysis are also recovered, if not strongly supported, in the other. Direct conflicts are found in clades 1 and 4. The results of the Bayesian phylogenetic analysis of ITS + matK show that in general, correspondence between clades and taxa is low ( fig. 3 ). Of the 17 series represented by more than one species in this study, the monophyly of only seven are supported: Graciles, Megalanthae, Oxycarpae, Reges, Trichoglossae, Lyratae, and Gloriosae. Only two of the 16 sections represented (Brachyphyllum and Cyathophora), and none of the three subgenera described by Li (1948 Li ( , 1949 , are found to be strictly monophyletic. However, several strongly supported clades do appear that are noteworthy from a taxonomic, morphological, and/or geographic standpoint.
Clade 1. This group is distinguished by opposite or whorled leaves and short corolla tubes and includes both beaked and nonbeaked species ( fig. 4A) . Most of the opposite/ whorled-leaved species sampled fall into this clade; the only exceptions are Cyathophora (clade 3), Gloriosae (clade 6), P. mollis, and P. flexuosa. Disregarding these, the clade generally corresponds to subgenus Cyclophyllum Li. All sampled species of series Verticillatae are included here, but these are not monophyletic. This suggests homoplasy in a distinctive character of Verticillatae, namely that of a short, basally decurved corolla tube.
In this clade, several phylogenetic conflicts between genes are apparent. For the clade comprising P. kansuensis, P. nodosa, and P. chamissonis, ITS places P. chamissonis at the base of a clade comprising all taxa above and including P. ternata in figure 3 . For the clade comprising P. dolichoglossa, P. lyrata, and P. confertiflora, matK places P. confertiflora as the sister group to P: chamissonis + P: kansuensis. The clade comprising P. oxyrhyncha and its sister group conflicts with ITS, which places P. oxyrhyncha and P. tatsienensis in a basal polytomy with the rest of clade 1. For the clade comprising P. metaszetchuanica and its sister group, ITS places P. metaszetchuanica near the base of clade 1, outside of the clade including P. ternata. Finally, in contrast to ITS and the combined analysis, matK places P. integrifolia outside of the clade marked by the ancestor of P. gracilis and P. scolopax.
Clade 2. This corresponds to series Megalanthae, a western Himalayan group characterized by flowers with long (up to 11 cm) corolla tubes that are commonly resupinate near the distal end, resulting in the ventral corolla lip hanging over and covering the beaked galea, ostensibly as a means of sheltering visiting pollinators from frigid alpine weather conditions.
Clade 3. This group includes all representatives of series Longiflorae sampled. Longiflorae, named by Prain for its personate long corolla tube, is a group that has remained intact throughout taxonomic revisions of Pedicularis. In this study, however, strong support is found for short-tubed species (P. davidii, P. tibetica, P. elwesii, and P. mussotii) being nested within this clade. All species in this clade have beaked, curved-rostrate corollas ( fig. 4B ), as does its closest relative, P. bifida.
Clade 4. This clade corresponds to section Cyathophora, a group distinguished morphologically by conspicuously perfoliate leaf bases ( fig. 4C ). It includes six species endemic to south-central China that exhibit extreme interspecific floral variation. Pedicularis rex and P. thamnophila have shorttubed, beakless, toothed, yellow to cream-colored corollas, while the flowers of P. superba and P. cyathophylla are short tubed, beaked, toothless, and colored pink to reddish-purple. 
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The long-tubed corolla type is represented by P. cyathophylla. The group has been recognized in all classification systems for Pedicularis and has traditionally been placed with other verticillate-leaved species; however, the molecular evidence presented here indicates that Cyathophora is nested among spiral-leaved species.
Within this clade, matK places P. cyathophylla sister to P: rex + P: thamnophila, and this relationship is retained in Fig. 3 Majority rule consensus of trees visited by the combined ITS + matK Markov-chain Monte Carlo analysis. Clades with Bayesian posterior support "0.95 are drawn with thicker lines. Multiple sequences from the same species are differentiated by locality. Noteworthy clades discussed in the text are in numbered boxes. Conflicts in phylogenetic signal between genes are marked by circles, in which T and M indicate clades contradicted by single-gene analyses of ITS and matK, respectively. In those cases, the single-gene analysis yielded a strongly supported clade that is not compatible with the marked clade. Binary coded morphological characters are shown on the right in the following order: phyllotaxy, corolla tube, galea beak, curve-rostrate galea, and galea teeth. Fig. 4 Photographs of representative species of Pedicularis sampled in this study. A, Species in clade 1, which corresponds most closely to subgenus Cyclophyllum. B, Species in clade 3, which includes all sampled species of series Longiflorae. C, Species in clade 4, section Cyathophora, and a closely related species, P. przewalskii. D, Species in clade 5 and P. lachnoglossa, which form the Himalayan representatives of section Lasioglossa. E, Representative species in the analysis not associated with the major clades discussed in the text. All photos are of species occurring in the Hengduan Mountains region. the combined analysis. ITS alone groups P: cyathophylla + P: superba together.
Clade 5. All members of this spiral-leaved clade belong to section Lasioglossa. Distinctive morphological features that unite them include taproots; single upright stems; narrow, coriaceous leaves with pinnatifid to dentate margins; leaf bases that clasp the stem; and navicular to beaked corollas, often with hairs along the margins and/or upper surface of the galea (fig. 4D ). Toothed and long-tubed corollas are absent from this clade. Other species of Lasioglossa that were sampled but do not fall in this clade are P. streptorhyncha, P. lachnoglossa, and those of series Gloriosae (clade 6); these species lack taproots and clasping leaf bases. Gloriosae also differs in being distributed in Japan, while the others are Himalayan.
Clade 6. This clade consists of P. nipponica, P. iwatensis, and P. gloriosa and corresponds to series Gloriosae. These species, in addition to P. ochiana (not sampled), are endemic to Japan, but Gloriosae also includes the widespread P. sceptrum-carolinum, distributed throughout Europe and Asia, and P. odontochila, endemic to the Qinling Mountains of Shaanxi, China. Species of Gloriosae in Japan have opposite or whorled leaves, but other species in this group have spiral leaves (P. sceptrum-carolinum can have ''pseudowhorls''). Gloriosae is in section Lasioglossa, i.e., is not part of the opposite/whorled-leaved subgenus Cyclophyllum.
Character Evolution
Analysis of the evolutionary histories of the key morphological characters that have been most important in Pedicularis classification (leaf arrangement, corolla tube length, galea beak, and galea teeth) yielded, for each character, a set of 20,000 stochastic mappings, one for each tree sampled in the combined data MCMC run. These mappings represent random draws from the posterior distribution of trees and character histories and thus provide estimates of the posterior probabilities associated with distinct combinations of gains and losses (table 2). The effect of uncertainty in the phylogenetic tree topology is summarized by the most frequent distinct histories for each character. Here, I define a distinct history to be a set of stochastic mappings that are identical with respect to the identities of all clades that are subtended by a change in character state (a clade's identity is simply the set of taxa within it). In other words, mappings belonging to the same distinct history share the same numbers of gains and losses and are also identical in the phylogenetic locations of those changes. However, the trees on which they occur may differ in parts where no changes are mapped. Here, distinct histories are shown on the majority-rule consensus of the trees associated with them.
Phyllotaxy. Analysis of spiral leaves shows a single gain in the ancestor of Pedicularis and two to five subsequent losses ( fig. 5) . A change back to verticillate leaves occurred along the branch leading to clade 1 (in 2% of cases, the change occurs along the branch leading to a clade comprising clade 1 and P: mollis + P: flexuosa). A shift from spiral to verticillate is also always observed along the branch subtending Cyathophora. In 49.5% of cases, simulated histories realized two independent changes to spiral phyllotaxy in the P: mollis + P: flexuosa clade, despite both species having that trait; this is greater than the 36.6% of cases that show the more parsimonious mapping of a single shift. However the positions of these species are not strongly supported by the molecular data. Pedicularis flexuosa in particular has a long branch, and its phylogenetic placement is uncertain.
Corolla tube. Long tubes have been derived eight or nine times in P. bella, Megalanthae, P. cyathophylla, P. przewalskii, P. rhinanthoides, and P. flexuosa. Losses (reversal to short tubes) are inferred in <10% of the posterior distribution of mappings. In those cases, they occur mostly along the branch leading to clade 3 ( fig. 6 ). These results indicate that once gained, long corolla tubes were seldom, if ever, lost, Each distinct mapping is shown on a majority rule consensus of the trees associated with it; i.e., for each tree associated with a distinct mapping, simulations of phyllotaxy yielded an identical set of gains and losses. Identical mappings were determined on the basis of the taxon bipartitions defined by the branches on which character change occurred. and they provide support for Li's hypothesis that long tubes are a derived character state.
Galea. Beaked galeas have been gained one to three times near the base of Pedicularis and subsequently lost several times ( fig. 7) . Of the four characters mapped, the galea beak exhibits the greatest variation in how gains and losses are distributed over the tree; e.g., the four most probable mappings account for only 50% of the posterior density ( fig. 8 ). Galea teeth have been gained five or six times; in only 5% of cases, a single loss is inferred.
Correlated Evolution of Nectar Production and Tube Length
Summary statistics for the correlation analysis of nectar production and corolla tube length are presented in figure 9 . Short corolla tubes are significantly associated with nectar production, as are long tubes with the lack of nectar (P ¼ 0:015 in each case). Associations between the other state pairs are not statistically significant.
Discussion
Taxonomic Implications of Molecular Phylogenetic Results
This is the largest phylogenetic study of Pedicularis to date, and it represents a broad taxonomic and morphological sample, primarily but not solely of species from the eastern Himalayan biodiversity hotspot (Wilson 1992; Meyers 1988) . However, the species included represent only about 20% of the total species diversity in the lineage, and some key geographic regions in the distribution of Pedicularis are unsampled or only poorly sampled here, such as North America, Europe, and the Arctic. For these reasons, the phylogenetic relationships presented here should be regarded as preliminary.
The monophyly of Pedicularis is strongly supported in all analyses, refuting the suggestion of a diphyletic origin of the group (Tsoong 1955) . A more rigorous test of this would require more exhaustive outgroup sampling, but ongoing phylogenetic studies of Orobanchaceae have not found taxa more closely related to Pedicularis than Castilleja (J. Bennett and S. Mathews, personal communication), a group sampled in this study. Within Pedicularis, the molecular data cannot firmly resolve basal relationships and thus do not yet clarify the persistent uncertainty that has characterized the taxonomic literature regarding the identity and relationships of primary subgeneric groups. In general, strict agreement between the molecular results and taxonomic groups is limited, as was found in a smaller-scale study of Pedicularis using only ITS (Yang et al. 2003 ). This suggests a need for a critical re-evaluation of the characters used to delimit taxa, particularly those floral characters that have been heavily emphasized at lower taxonomic rank.
The discovery of clades that are morphologically distinctive but have not yet been named (clade 1, clade 5) may prove useful in guiding future taxonomic revisions of the group. It is noteworthy that morphologically distinct clades that are resolved by the molecular data are, more often than not, united by vegetative similarities, not floral characters. For example, clade 1 has whorled leaves; Cyathophora has perfoliate leaf bases; clade 5 has clasping leaf bases and taproots. One exception is Megalanthae, whose most conspicuous distinguishing features are a long corolla tube and inverted, hoodlike lower corolla lip. Li (1949 Li ( , 1951 placed spiral-leaved species of Pedicularis in two subgenera. Allophyllum, characterized by erect stems and terminal inflorescences, is shown not to be monophyletic in this study. The same is true for Poecilophyllum, characterized by lax stems and axillary flowers. Although support for the basal region of the phylogeny is low, most of the analyses reported here suggest that the spiral-leaved species form a paraphyletic grade, within which opposite/whorled-leaved clades (Cyathophora and clade 1) are nested.
The conflicts observed between phylogenetic trees inferred from ITS and matK warrant further investigation. Because Bayesian posterior probabilities may tend to overestimate clade support (e.g., Suzuki et al. 2002) Floral Homoplasy, Pollination, and Constraint Systematic relationships within Pedicularis have generally been postulated in reference to variation in leaf arrangement, inflorescence structure, and corolla characters, with most classification systems placing more emphasis on floral characters in the delimitation of higher-level taxa. A view widely expressed in the literature is that floral characters have played a key role in speciation in Pedicularis. Li (1948 , 1949 based the structure of his taxonomic system on the idea that convergent adaptations to pollinator interactions influenced floral evolution as the lineage spread from its putative center of origin in north-central Asia (Limpricht 1924 ). Macior and Tang (1997) cited the sympatric occurrence of species with divergent pollination traits (e.g., species with and without nectar), the absence of hybrids, and diversity in both floral form and pollinator behavior as indicators that ecological, pollinator-mediated prezygotic isolation mechanisms have driven speciation in Pedicularis.
Generally speaking, floral characters show a high degree of homoplasy, as originally hypothesized by Li (1948 Li ( , 1949 . Stochastic mapping shows that long corolla tubes have been independently derived multiple times, suggesting a specialized function of this trait, but fitness experiments are needed to clarify what ecological advantage is conferred by longer tubes. Galea teeth have also been gained and not lost, a result that contradicts previous hypotheses of the polarity of that character. Of the floral characters analyzed, the most labile and diverse in form is the galea beak, which from our current knowledge about pollination mechanisms in Pedicularis appears to be of considerable importance in influencing pollinator behavior.
Phyllotaxy exhibits less homoplasy overall compared with floral characters. This result supports the underlying rationale of Li's (1948 Li's ( , 1949 taxonomic system, but the view that phyllotaxy is more useful than floral characters in diagnosing primary lineages of Pedicularis is supported only to the extent that the clade 1 is almost congruent with Li's subgenus Cyclophyllum. The phylogenetically conserved pattern of phyllotaxy in Pedicularis may be due to greater genetic constraints suppressing switches between spiral and opposite leaves and/or stabilizing selection pressure favoring stasis within lineages.
On the basis of the functional importance of the galea beak in pollination, one might expect that once arisen in a lineage, stabilizing selection would maintain the beaked state, because specialization in pollinator behavior associated with an elaborate beak morphology would prohibit transitions back to the beakless state. This view is not corroborated by this study. The posterior distribution of character mappings shows a wide range in frequencies of gains and losses of beaked galeas (table 2), but the predominant directionality of change has been from beaked to beakless. More complete taxon sampling and increased phylogenetic resolution should reduce the uncertainty regarding actual numbers of gains and losses that occurred.
Under what ecological conditions might reversals to beakless corolla types be favored? If beaks do in fact represent a specialization for modifying pollinator behavior to limit nonconspecific pollen transfer, a more generalized morphology might be favored under conditions where competition for pollinators is low and pollinators are rare, as might be the case if a lineage is expanding into new habitats not already occupied by congeners. In other words, the evolution of beaks may be favored as a means to avoid local pollen competition but be easily lost if those competitive forces are removed. One clear case of character change from beaked to beakless is in Cyathophora. Of the six species in this group, the beakless species (P. rex, P. thamnophila, and P. cyathophylloides) are more common and widespread than the beaked species. Their ranges extend from the Hengduan Mountain region into southeast Xizang (Tibet) and north Myanmar, while the beaked species are restricted to southwest Sichuan and north Yunnan. It has not been tested whether derived beakless forms also re-evolved nectar production, but over three field seasons in the Hengduan Mountains, the author has only observed pollen foraging, not nectar foraging, by bumblebees on P. rex.
One of the most intriguing aspects of floral diversity in Pedicularis is the occurrence of conspicuous gaps in the floral morphospace defined by the presence or absence of long corolla tubes, galea beaks, and galea teeth. No species possess beakless corollas with long corolla tubes or beaked galeas with apical teeth. This study demonstrates a significant historical association between beakless galeas and nectar production ( fig. 9 ), suggesting that visitation by short-tongued insects such as Bombus imposes a constraint on corolla tube length.
The selective factors that have driven increased tube length in disparate lineages of Pedicularis remain unknown. The hypothesis that long tubes function in raising the reproductive parts of the flower above potentially obstructing vegetation, facilitating access by pollinators (Macior and Tang 1997) , may apply in alpine habitats, where long-tubed species are typically rosette plants, with flowers borne on or near the ground. It is less likely to explain the elongated tube of P. cyathophylla, which bears flowers along an upright stem. Another hypothesis is that long styles impose sexual selection on microgametophytes via pollen tube competition (Stephenson and Bertin 1983; Armbruster 1996) . This would predict high levels of pollen deposition on stigmas in communities with long-tubed species. Reported frequencies of pollinator visits to species of Pedicularis in the Himalaya vary widely, from 47 insects collected per person-hour for P. punctata (Macior 1990 ) to fewer than 0.5 insects/person-hour (Macior and Tang 1997) .
Homoplasy observed in floral characters is consistent with the hypothesis that coadaptation with pollinators has driven parallel evolution in the corolla of Pedicularis (Li 1948 (Li , 1949 . While it is tempting to invoke pollinator-mediated selection as a strong influence in the diversification of Pedicularis, inferences about speciation mode are beyond the scope of the data presented here. A perhaps more tenable question concerns not the origin but the maintenance of diversity in Pedicularis: to what extent does pollinator fidelity and pollen transfer efficiency play a role in the structuring of sympatric assemblages of Pedicularis? If reproduction in Pedicularis is generally pollinator limited, and pollination efficiency substantially affects fitness, corolla morphology might influence community assembly rules in Pedicularis by dictating which species are most likely to avoid competition for pollinators: i.e., nectariferous with nectarless species, red-flowered species with yellow, and so on. The phylogenetic structure of sympatric assemblages would also enable inferences to be made about the geographic scale of speciation in Pedicularis.
